STUDIES of atherosclerosis in animal models have shown that rabbits on a high cholesterol diet in conjunction with peanut oil 1 consistently develop atherosclerotic lesions. These plaques contain intimal foam cells and massive fibrous elements which are typified by an excess accumulation of collagen, derangement of the elastica with lipid, and calcium deposition on the deranged elastica.
A variety of drugs is being used in man to treat atherosclerosis by lowering serum cholesterol levels. Recently the National Coronary Drug Project 2 has shown that, of the commonly employed antilipemic drugs used in this study, none effectively inhibited the process of atherosclerosis although the serum cholesterol levels were lowered.
Atherosclerosis characteristically develops in susceptible focal regions of the arterial vasculature. The lesions appear to be the result of an altered biochemical activity of the arterial wall. It has been reported that the calcium content of aortic elastin increases both with age' and the severity of atherosclerosis. 4 It has been shown 5 that the elastin preparations isolated from plaque intima and adjacent normal intimal areas are qualitatively different. The amounts of polar amino acids are increased in elastin preparations isolated with hot alkali from plaque areas, as compared to that from adjacent normal intimal areas. However, Keeley and Partridge 6 recently reported that, after extensive decalcification of plaque tissue with disodium ethylenediamine tetraacetic acid (EDTA), the isolated alkali-insoluble elastin from plaques had the same amino acid composition as that of normal elastin isolated from young individuals. This finding suggested that calcium may play an important role in the binding of other proteins to arterial elastin in lesions.
Whittington-Coleman et al. 7 reported that treatment with propanolol in rabbits on an atherogenic diet normalized the elevated serum calcium content without lowering the high serum cholesterol and resulted in a marked decrease of atherosclerosis. Wartman et al. 8 also indicated that treatment with the calcium chelator MgEDTA reduced plaque formation in rabbits with dietary induced atherosclerosis. Kramsch and Chan 9 ' 10 have indicated that disodium ethane-l-hydroxy-l,l-diphosphonate and VOL. 43, No. 1, JULY 1978 iV-acetyl-N-methyl-chochicine (Colcemid) are capable of normalizing the elevated serum calcium levels and also greatly inhibit atherosclerosis despite the fact that the serum cholesterol remains elevated in rabbits on an atherogenic diet.
2-Thiophenecarboxylic acid is effective in lowering the level of serum-glucose and fatty acids in rats."' ' 2 It also has marked hypocalcemic and hypophosphatemic effects in rats. 13 More important, it has been shown in tissue culture that 2-thiophenecarboxylic acid inhibits both spontaneous and parathyroid hormone-induced bone resorption. Its apparent mechanism of action was an inhibition of calcium transfer out of bone. 14 The present study was undertaken to test 2-thiophenecarboxylic acid and two of its derivatives, 5-methyl-2thiophenecarboxylic acid and 5-bromo-2-thiophenecarboxylic acid, for their ability to inhibit experimentally induced atherosclerosis at low nontoxic doses.
Methods

Animals and Diet
Fifty male New Zealand White rabbits, about 4 months old and weighing 2.2 kg, were caged individually with free access to water dispensers and diet cups. The experimental design was as follows. After an initial adaptation period of 1 week, the rabbits were divided at random into five groups with 10 rabbits in each group. One control group received only commercial rabbit chow which contains 0.95% dietary calcium, 0.5% phosphorus, 1 ppm fluoride, and 2.3 IU/g vitamin D added (Purina Co.) and four groups were fed an atherogenic diet containing 2% cholesterol and 8% peanut oil by weight for 8 weeks. Of the cholesterol-fed groups, one group received the atherogenic diet alone, and the three other groups were simultaneously treated with 2-thiophenecarboxylic acid (ThCA), 5-methyl-2-thiophenecarboxylic acid (5-CHi-ThCA), and 5-bromo-2-thiophenecarboxaldehyde (5-Br-ThCA) (in a 97% solution), respectively. (All thiophene compounds were purchased from Aldrich Chemical Co.) Lloyd et al.' 5 indicated that in rats maintained either on a low calcium or a normal diet, ThCA produced a significant hypocalcemic effect on serum calcium at a dose of 115 mg/kg body weight and that the maximum effect was observed with a dose of 460 mg/kg. The LD50 dose of ThCA was not determined; however, it is thought to be greater than that (460 mg/kg per day) which produces the maximum hypocalcemic effect. For our purpose, the ThCA dosage was set at 280 mg/kg per day because this value is midway between the reported minimum and maximum effective doses. Among the carboxylic acid analogues, 5-CH 3 -ThCA and 5-Br-ThCA had a more marked action and longer lasting effect than ThCA. 15 Therefore only half of the ThCA dosage for these ThCA derivatives (140 mg/kg) was used. No toxic effects of any of the drugs were observed throughout the study. Because ThCA and 5-CH 3 -ThCA are insoluble in water, these drugs were mixed with absolute alcohol, 1:4 (vol/vol) prior to their blending into the diet mixture. The 5-Br-ThCA, already in a heavy, viscous, liquid form, was thinned with an equal volume of absolute alcohol for convenience in preparation. The diets were left at room temperature overnight to allow evaporation of the added alcohol. Eighty grams of the respective diets were given to each rabbit daily for 8 weeks, and the amount of the diet consumed was recorded weekly. Animals that were poor eaters were replaced. The body weights were registered every 2-3 weeks whenever blood samples were drawn. The dosages of the drugs were then adjusted accordingly.
Blood Samples
The rabbits were bled from the marginal ear vein after an 18-hour fast, once before starting the experiment, and then at intervals of 2-3 weeks. Serum was isolated from the clotted blood by centrifugation at 1000 g and frozen for analysis of total cholesterol, calcium, and phosphorus. The concentration of total cholesterol in serum was determined by a modification of the method of Wybenga et al. lb (The cholesterol reagent was supplied by Dow Diagnostics, the Dow Chemical Co.) Serum calcium was determined with a Perkin-Elmer model 303 atomic absorption spectrophotometer, using a calcium-magnesium lamp and an air-acetylene burner. Inorganic phosphorus was measured according to the method of Chen et al. 17 from trichloroacetic acid (TCA)-precipitated protein-free serum samples. All serum used for calcium and phosphorus determination was centrifuged at 3000 g for 30 minutes prior to assay to minimize the displacement of serum water by chylomicrons, which can result in falsely decreased concentrations of water-soluble constituents. ls This procedure also minimizes the possibility of chylomicrons clogging the aspiration tube of the atomic absorption spectrophotometer and removes substances interfering with the assay of inorganic phosphorus.
Preparation of Aortic Tissues
The rabbits were killed by decapitation and the aortas removed, cleaned of contaminating blood with a moist saline gauze, and opened along the mid-dorsal line. The gross adherent adipose tissue was stripped off. Each aorta was divided longitudinally into two parts of about equal size. In all but two cases per group, one-half of the aorta was used for elastin determination (eight halves total), and the corresponding half for determinations of the intima-media content of lipid, collagen, nonlipid phosphorus, and calcium. These tissues were stored at -20°C until processed. One-half of the aorta from two rabbits per group which were morphologically representative of the whole group were fixed in buffered formalin and grossly stained for lipid with Sudan IV. 19 After staining, the aortic halves were covered with sheets of clear plastic, their contours traced, and the stained lipid lesions filled in with black ink. The total surface area of the aortic halves as well as the total surface of the stained lipid lesions was measured by planimetry from the tracings. Two to three representative cross-sections were taken from the aortic arch, thoracic and abdominal aorta, including plaques and adjacent normal area for histochemical studies. Comparable sections also were taken from normal control animals for comparison. The tissues were fixed in 10% neutral buffered formalin containing 0.5% TCA for better preservation of soluble proteins, including lipoproteins, during the initial phase of fixation. To demonstrate calcium, separate tissue segments were fixed in Carnoy's solution. All fixed tissue segments then were embedded in carbowax, cut at 4 pm thickness, and stained with hematoxylin-oil red 0 for lipids, Verhoeffs-Van Gieson for connective tissue, and periodic acid-Schiff (PAS)-alcian blue for glycosaminoglycans, as well as with alizarin red 20 and Yasue's 21 method for calcium.
For elastin and collagen determinations, the aortas were cleaned and their adventitia was stripped off from the luminal side. 22 The intimal-media tissues were minced finely with scissors into pieces of about 1 X 1 mm and delipidated with three changes of 10 ml chloroform-methanol 2:1 (vol/vol), 60 minutes each, followed by two changes each of acetone and ether. This extraction procedure removes more than 99% of the lipids from the intima-media of the aorta. No lipids could be detected by thin layer chromatography from three solvent samples of subsequent extractions. The supernatant fluids from each extraction step were pooled for the determination of the intima-media content of total and esterified cholesterol, triglyceride, and free fatty acids. The combined solvents were evaporated to dryness and redissolved in a known amount of toluene. Samples, 2-4 fd, were applied on thin layer chromatograph plates according to a modification of the method of Downing, 23 with a developing solvent system of hexane-ether-acetic acid, 70:30:1 (vol/vol/vol). Docosanol (behenyl alcohol; Serdary Research Lab), 1 mg/ml in toluene, was added to the minced tissue before the first lipid extraction to serve as an internal standard and index for lipid recovery. After delipidation, tissues were dried in an oven at 50°C for 18 hours, and stored in sealed vials in the freezer.
Part of the dried defatted tissue obtained was boiled with 0.1 N NaOH, according to the method of Lansing et al., 24 and the supernatant fluid was collected for hydroxyproline determination. 25 The factor used for the conversion of hydroxyproline to collagen was 7.46. 2li For the isolation of the alkali-resistant elastin preparations, the insoluble fraction from the Lansing treatment was collected and delipidated with cholorform-methanol as previously described. 5 Further extractions yielded no detectable lipids. The isolated, dried, defatted elastin preparation was weighed and stored in a sealed vial at -20°C. The elastin content per whole aorta was calculated. As shown previously, 5 elastin preparations isolated by this procedure from either normal or diseased arteries contain no detectable glycosaminoglycans, as indicated by the absence of uronic acid and hexosamine.
Preparation of Liver Tissues
In addition to aortas, the livers were removed from each rabbit and were inspected by three examiners. A grading system from 0-6 was established. Grade 0 represented a completely normal liver. Grades 1 to 6 were used to estimate the severity of fatty infiltration of the livers with 6 denoting the most involved fatty liver. A 1-g specimen from each liver was homogenized, and the lipid extracted with chloroform-methanol 2:1 (vol/vol) twice, 60 minutes each, followed by acetone extraction. The total cholesterol was measured by a modification of the method of Wybenga et al. 16 
Calcium and Phosphorus Determination in Aortic Tissue, Elastin, and Bone
For aortic tissue and elastin mineral analyses, known amounts of the dried defatted tissue and elastin were ashed in porcelain crucibles overnight at 600°C. Calcium was analyzed by atomic absorption spectrophotometry after dissolving the tissue (or elastin) ash in concentrated HC1 and adding La 2 0.3 in a final concentration of 0.5% to reduce interference from other minerals. 27 Inorganic phosphorus was analyzed by dissolving the ashed digests in 0.5 ml of concentrated H 2 SO 4 before colorimetric measurement. 17 The calcium content and dried defatted weight of rabbit bones were determined from the right femur of each rabbit. After autoclaving at 15-lb pressure at 121 °C for 15 minutes, any remaining adherent muscle was removed. The epiphysial ends were separated from the shaft with a fine-toothed saw blade; the distal end was cut off approximately 1 mm proximal to the epiphysis; the proximal end was cut off at the level of the distal edge of the trochanteric surface. The marrow was cleaned out of the shaft only and then all pieces were defatted in chloroformmethanol 2:1 (vol/vol) for at least 48 hours and dried to constant weight in an oven at 100°C. The calcium content of the diaphyses and the epiphysial ends were measured separately by ashing the dried defatted bone in a furnace at 600°C for 48 hours, dissolving the ash in concentrated HC1, and diluting the specimen to the appropriate range for atomic absorption spectroscopy, as described above for aortic tissue.
At the end of the experiment, all rabbits had gained a comparable amount of weight with little difference in body weight between animals in the different groups (range: 2.6-2.8 kg). This virtual uniformity of body weight allowed us to express all figures pertaining to aortic components in absolute amounts per intima-media of whole aorta. The absence of significant variations in body size precluded significant variations in the content of aortic components due solely to large differences in body weight. The significance of the data was determined by analysis of unpaired data.
Results
Serum Cholesterol and Aortic Tissue Lipid Content
In all rabbits on the atherogenic diet with or without added drugs, the mean serum cholesterol level rose very rapidly after 2 weeks. The values reached 2500 to 3000 mg/100 ml after 4 weeks and continued to increase throughout the study but at a slower rate. As compared to controls (Table 1) , the rabbits on the atherogenic diet had a more than 35-fold increase in mean serum cholesterol at the end of 8 weeks. There were no significant differences in the pattern of cholesterol increases among atherogenic diet groups. Treatment with the three thiophene compounds at the dosage used lowered the serum cholesterol levels slightly but not significantly. Table 1 also shows the content of lipids extracted from intima-media of whole aorta from all experimental groups. Compared to controls, there was a more than 7fold increase in the mean total cholesterol content of whole aortic intima-media in rabbits on the atherogenic diet without drugs. More than 56% of the excess accumulation of cholesterol was esterified cholesterol, whereas in control rabbits only 27% of total aortic tissue cholesterol was in ester form. Considerably lower amounts of free and ester cholesterol were contained in the whole aortic intima-media of the groups treated simultaneously with ThCA and its derivatives. In the group receiving 5-CH 3 -ThCA, the mean cholesterol content of the aortic intima-media was comparable to that of rabbits fed normal chow. Moreover, the amount of esterified cholesterol was reduced considerably, and the ratio of free to esterified cholesterol was similar to that of the control group. The order of effectiveness of the drugs in preventing the accumulation of aortic tissue lipids was 5-CH 3 -ThCA>5-Br-ThCA>ThCA.
Triglycerides and free fatty acids also were contained in the aortic tissue of the rabbits in all groups. Slight changes occurred in both triglycerides and free fatty acids in rabbits fed the atherogenic diet with and without drugs, as compared to the control group. However, these changes were only minor. Figure 1 shows the tracings of the Sudan IV-stained aortic halves from representative rabbits on normal chow as well as on the atherogenic diet with and without added drugs. Lipid-staining areas were found in the aortic arch and thoracic and abdominal aortas of all but the control rabbits. Over 60% of the entire aortic surface area was covered by massive sudanophilic lesions in rabbits on the atherogenic diet without drug treatment. The 5-CH 3 -ThCA-treated group showed the greatest reduction in sudanophilic aortic areas, whereas the groups treated with the ThCA or 5-Br-ThCA also showed greatly reduced areas of lipid-staining plaques, but to a lesser extent than the 5-CH 3 -ThCA group. These macroscopic findings were in agreement with the biochemically determined lipid contents of aorta in the different groups. All rabbits given the atherogenic diets with or without drugs had enlarged and fatty livers. However, the livers of the drug-treated rabbits were less severely involved, particularly in the groups treated with 5-Br-ThCA and 5-CH. r ThCA. Table 2 shows the grading of representative livers from each group. It also shows that the cholesterol content in a grade 6 fatty liver (atherogenic diet without added drugs) was about 15 times higher than that found in the normal livers of the controls. Rabbits treated with drugs had less accumulation of cholesterol.
Macroscopic Studies and Liver Cholesterol Content
Calcium Content in Serum and Aortic Tissue
As seen in Table 3 , the mean serum calcium concentration from rabbits on the atherogenic diet was moderately but significantly elevated in comparison to normal controls. Calcium also was contained in whole aortic intimamedia as well as in the elastin preparations which had a 5 and 6 times greater calcium content in the atherogenic group without drugs than in the controls. No gross calcification of aortic lesions was seen in any of the groups on the atherogenic diet. However, as shown in Figure 2A , microscopic staining with the alizarin red indicated the presence of calcium mainly on the deranged lesion elastica and, to a minor extent, also between the elastic laminae over proliferated intimal cells and collagen. Treatment with ThCA and its derivatives inhibited the elevation of serum calcium levels and in drug-treated rabbits, serum calcium levels were approximately equal to those of the controls. The accumulations of calcium in whole aortic tissue and aortic elastin seen in atherogenic rabbits without drug treatment were not observed in rabbits treated with any of the thiophene compounds as shown in Table 3 and Figures 3 and 4 .
Calcium Content of Bone
Drugs with a serum-calcium lowering effect also may adversely affect bone mineralization. 28 Although the thiophene compounds are reported to have an inhibitory effect on parathyroid hormone-induced bone resorption in vitro, 14 the femurs of all our treated rabbits were analyzed for their calcium content to test for possible ' Livers from each group were graded form 0-6. In this system, 0 refers to a completely normal liver, 1 to the least involved, and 6 to the most involved fatty liver.
f Livers from control and atherogenic groups had uniform appearance. $ Highly significant difference from control value (P < 0.01). undesirable effects. The results from the determinations of the calcium content from both the epiphysis and diaphysis of the right femur of each rabbit showed no significant differences between the normal and the atherogenic groups, regardless of whether they were treated with any of the drugs. The difference between the left or right femur was less than 1%. The supernatant fluids obtained from delipidation of the bones were evaporated to dryness under nitrogen. The calcium content of the supernatant fluid, which would indicate the amount of calcium lost during the delipidation procedure, also was determined and was not detectable by atomic absorption spectrophotometry. Therefore, despite their ability to lower elevated serum calcium levels, the three thiophene compounds did not cause resorption of bone during the experimental period.
Phosphorus Content in Serum and Aortic Tissue
There were no significant changes in mean serum inorganic phosphorus content in normal, atherogenic, and thiophene-treated rabbits ( Table 4 ). The serum inorganic phosphorus content fluctuated in all rabbits, including controls, from week to week and ranged between 4 and 7 mg/100 ml. In general, at the end of the experimental period, the rabbits on the atherogenic diet with or without added drugs had a slightly, but not significantly, higher content of serum inorganic phosphorus than controls. The exceptions were rabbits that received 5-Br-ThCA which had a slightly lower phosphorus content than the controls.
The changes in nonlipid phosphorus contained in both whole aortic intima-media and the elastin preparation were similar but less profound than changes in calcium contents. Rabbits on the atherogenic diet without drugs showed an increase of about 57% in tissue phosphorus and more than 100% in elastin phosphorus content in comparison to controls. The three thiophene compounds lowered the phosphorus content in both aortic tissue and aortic elastin to normal ranges with about equal effectiveness. Table 5 summarizes the mean content of collagen and elastin in the intima-media of whole aorta from the rabbits from all groups. As compared to controls, aortas of rabbits fed the atherogenic diet alone without addition of drugs showed a 53% increase in elastic fiber protein content and a 70% increase in collagen. Figure 2B shows a microscopic section through one of the characteristic fibrous aortic plaques elicited in rabbits fed the atherogenic diet without drugs. A marked proliferation of cells, containing stainable lipids, resulted in a thickened intima. There also was a striking accumulation of collagen in the intima and subintimal media. The internal elastica and many of the subintimal medial elastic laminae were severely deranged and frequently associated with heavy deposition of calcium ( Fig. 2A) and lipid on the deranged elastica. PAS-alcian blue staining also revealed moderate accumulation of glycosaminoglycans on the altered elastica and collagen. ThCA-treatment reduced the proliferation of the intimal cells markedly with the proliferated cells being mainly of the foam cell type (Fig. 3B ). The internal elastica was still moderately deranged, whereas the subintimal elastic laminae were almost normal. There was no accumulation of collagen and glycosaminoglycans in the lesion, and calcium deposition on the intimo-medial elastica was minimal (Fig. 3A) . In rabbits treated with 5-Br-ThCA or 5-CH 3 -ThCA, no calcium deposition in the aortic tissue or on elastic laminae of the few lesions present was detectable. Best results were obtained by treatment with 5-CH 3 -ThCA. Figure 4B shows a section of one of the typical small lesions encountered in rabbits on the atherogenic diet and treated with this agent. The lesion consisted of a few layers of lipid-filled foam cells overlying an essentially intact internal elastica and a completely normal media with no detectable accumulation of collagen or calcium deposits (Fig. 4A) .
Aortic Connective Tissue Content
Determination of the absolute amounts of alkali-insoluble elastic fiber protein content of aorta confirmed our observations. The excessive accumulation of aortic elastin was suppressed by all three thiophene compounds; 5-CH3-TI1CA was most effective agent and kept the aortic elastin content at normal levels. The effectiveness of 5-Br-ThCA and ThCA was less pronounced than that of 5-CH3-TI1CA. However, their inhibitory effects on abnormal elastin depositions also were prominent.
Similar results were obtained from analyses of the FIGURE 4 Representative serial sections through one of the few lesions present in the aorta of rabbits fed the atherogenic diet and treated simultaneously with 5-CH 3 aortic content of collagen. The excessive accumulation of collagen in rabbits on the atherogenic diet was greatly suppressed by the addition of all three thiophene compounds. The 5-Br-ThCA proved to be the most effective agent, inhibiting the excessive accumulation of collagen completely.
Discussion
Our results show clearly that ThCA, 5-CH 3 -ThCA, and 5-Br-ThCA suppress markedly all processes ofatherogenesis studied, despite the fact that the serum cholesterol level remained elevated. Fang et al. 13 have shown that ThCA has strong hypocalcemic and hypophosphatemic effects in normal and thyroparathyroidectomized rats. However, no information is available on the efficacy of these agents in animals on atherogenic diets which elevate serum cholesterol, calcium, and phosphorus. The present study indicates that at the low, nontoxic dosage used, these thiophene compounds effectively suppressed the excessive accumulation of calcium in rabbits on an atherogenic diet. Not only were the elevated serum calcium levels normalized, but the calcium accumulation in aortic intima-media tissue and elastic fiber protein, usually found in rabbits on this atherogenic diet, were suppressed considerably. 5-CH 3 -ThCA, which has a longer duration of action than ThCA, 29 was the most effective of the tested thiophene compounds, normalizing the serum calcium content and preventing completely the deposition of calcium in aortic tissue and elastin.
With the exception of 5-Br-ThCA, the hypophosphatemic effect of the thiophene compounds was less impressive than its hypocalcemic effect. This is in agreement with a report by Fang et al. 13 The excess accumulation of phosphorus in aortic tissue as well as elastin was prevented completely by all three thiophene compounds. This indicates that formation of calcium phosphates, which occurs regularly in untreated rabbits on this diet, may have been prevented in the arteries of the drugtested rabbits. This is of particular interest because advanced lesions which usually contain calcium mineral depositions may be irreversible. 30 Since the calcium content of bones from all drugtreated rabbits was normal, there appeared to be no drugfacilitated resorption of bone. This is important in the development of practical pharmacological applications of the thiophene compounds.
The dosages of all drugs administered were low, with the ThCA given at half of the reported maximum effective dose. The dosages of 5-CH 3 -ThCA and 5-Br-ThCA were even lower. The hypocalcemic and hypophosphatemic effects of these drugs and their suppression of arterial lipid and connective tissue accumulation and cell proliferation may be even more pronounced at higher dosage levels. Further studies are planned to test this possibility.
Although none of the thiophene compounds showed any hypocholesterolemic effect, the observations that rabbits receiving the drugs have livers less fatty than those on the atherogenic diet alone is of interest. Excess dietary cholesterol usually accumulates in the liver. It therefore appears that, like the aorta, the liver was protected from lipid accumulations by the drugs.
In the present study, only the total calcium of serum and aortic tissue was measured. There is increasing evidence that calcium ions play an important role in cellular metabolism. 31 Calcium ions have been recognized as one of the few intracellular messengers involved in the activation of cellular functions. 32 However, this concept has as yet not been as widely accepted as that of the regulatory function of cyclic adenosine 3',5'-monophosphate (cyclic AMP) in cells. A major reason for this may be that the cellular calcium ion concentrations are difficult to measure. Cyclic AMP has been shown to stimulate the binding of Ca 2+ by the microsomal fraction from smooth muscle cells, and an increased content of cyclic AMP results in relaxation of smooth muscle. 33 It has been suggested 15 that the hypocalcemic and hypophosphatemic effects of thiophene compounds may be due to an action on the adenyl cyclase-cyclic AMP system. Further investigations on the mode of action of the thiophenes and their relationship to tissue calcium ions and the cyclic nucleotide system are of great interest. Further insight into these interactions may help to explain the potent inhibitory effect of the thiophene compounds on the progression of atherosclerosis.
